Abstract-The suitability of Superconducting Magnetic Energy
INTRODUCTION
Several issues regarding large scale integration of wind farms into the power system must be taken into account [1] . One of the problems is the security of supply, as it is not possible to control the power output from a wind farm. The output power can also have relatively large variations within a short time span.
Energy storage units should aim at providing a degree of controllability of the power output to these intermittent types of sources. This work deals with fast acting devices which store smaller amounts of energy, such as SMES. The SMES is a large superconducting coil capable of storing electric energy in the magnetic field generated by dc current flowing through it [2] . It is in a superconducting state at cryogenic temperature. This means that the ohmic losses during operation will be very low, close to zero. An energy storage system of this type can charge and discharge very fast, or said in a different way it has the ability to absorb, or deliver high quantities of power. The real power as well as the reactive power can be absorbed by or released from the SMES coil according to system power requirements.
Another positive element about SMES is the life cycle. A coil of this type can withstand tens of thousands of charging cycles. This corresponds to several decades of operation and, compared to battery storage systems, the lifetime is much longer. To reach superconductive state the coil has to be cooled to less than 9.8K. This is achieved using liquid helium which brings the temperature down to 4.2K. The need for cooling is an aspect which lowers the efficiency, but the power needed for cooling is far less than the output power of the SMES. Combined with ohmic losses in the non-superconducting devices, the efficiency can exceed 90%.
When deciding which converter topology to use to connect the SMES to the grid, aspects as harmonic distortion, usage of reactive power and on-state losses has to be considered [2] . A line commutated converter using thyristors has low on-state losses and it can handle large amounts of power, but it has lagging power factor and high low order harmonics. Even the twelve-pulse topology has too high total harmonic distortion to meet the standards regarding harmonics. Because of these drawbacks, a self commutating converter is selected in this work. Even though the on-state losses are higher than for thyristors, these have better characteristics when it comes to harmonics and their reactive power flow can be controlled.
Among the self commutated converters there are mainly two different to choose from, which are studied in this paper: Current Source Converter (CSC) and Voltage Source Converter (VSC). The CSC may seem the most suitable solution as the SMES can be viewed upon as a current source. A CSC is also more efficient when operated in square-wave mode than a PWM VSI. On the other hand, a CSC is more complicated to control than a VSC, it has a high level of low order harmonics and the inductance in the DC side makes the response slower.
The paper is organized as follows. Section I has presented an overview of the SMES systems, emphasizing the 3rd IEEE International Symposium on Power Electronics for Distributed Generation Systems (PEDG) 2012 978-1-4673-2023-8/12/$31.00/ ©2012 IEEE importance of choosing a proper power conditioning system. Section II describes the general system under study. The two types of converters are analyzed in Section III. Section IV carries out a comprehensive analysis of the control and modulation techniques applied to both power conditioning systems. Section V compares the simulation results obtained in each case by means of a co-simulation between Matlab/Simulink® and PSIM®. Finally, the conclusions and future work are summarized in Section VI.
II. SYSTEM DESCRIPTION
The general scheme of the system is the one described in Fig. 1 . It consists of a pure resistive load demanding a constant power of 1.5MW connected to the grid, a variable speed wind turbine (WT) based on an Induction Generator (IG) and a SMES system composed by a coil and a power conditioning system. This power conditioning system can be any of the two described in the Introduction. An L-filter or C-filter can be needed depending on the type of power converter. The grid voltage is 1100 V and the grid frequency is 50 Hz. 
A. Operation modes of the system
The SMES coil works as an active power compensator, and the possible operation modes are:
• WT output power is higher than the reference power (mode 1): this reference power can be the load power, calculated by means of the measured current and voltage and applying the PQ-theory [4] . In this case, the current through the coil increases and so does the stored energy, since it is absorbing the extra power from the induction generator.
• WT output power is equal to the reference power (mode 2): no power will flow in the SMES coil. The current remains constant at the same level that it had before both powers were equal.
• WT output power is lower than the reference power (mode 3): The current through the coil decreases and so does the stored energy, since it is supplying to the grid the necessary power to equal the reference or load power.
B. Profile of the wind turbine output power
The wind turbine has a rated output power of 2 MW, giving the maximum power when the wind speed is 18 m/s. Usually, 25 m/s is considered as the disconnection wind speed. For wind speeds between 18 and 25 m/s the output power will be the rated one. In order to show all the different operation modes of the superconductive coil, a wind profile that consecutively enables all of them has been applied. The form that the profile of the WT output power has due to the applied wind profile can be seen in Fig. 2 along with the load power. It is observed the different operation modes of the SMES system:
• In t = 1s the WT power starts to increase until it reaches its maximum power (mode 1).
• In t = 2s the WT power decreases to reach the load (or reference) power (mode 2).
• In t = 3s the WT power decreases again under the load power (mode 3).
There is a transient time when the power fluctuates, more or less until t = 0.5 s, but during this start-up time the control of the power conditioning system is disabled and it does not affect to its proper operation. 
III. POWER CONDITIONING SYSTEM

A. VSC-based system
Three-phase VSCs can provide constant DC-bus voltage, low harmonic distortion of the utility currents, bidirectional power flow and controllable power factor. Because of these features, they are becoming increasingly popular in high-power or high-performance applications.
It is a relatively simple topology to control as the strategies are well established and widespread. Nevertheless, in this case a DC-DC converter is needed between the VSC and the coil in order to adapt the voltage levels of the DC-bus and the coil, therefore the control structure becomes more complicated. U DC1 and U DC2 are the voltages across each DC-bus capacitor. If the VSC control is working properly, they must have the same value. The DC-bus voltage is defined as
( 1) and it has been set as 1800 V.
The AC-DC converter is a three-level Neutral Point Clamped (NPC) converter. Each converter leg is composed of four active switches with four antiparallel diodes [6] . In practice, either IGBT or GCT can be employed as a switching device. On the DC side of the converter, the DC-bus capacitor is split into two, providing a neutral point NP. The diodes connected to the NP are the clamping diodes. With a finite value for C DC1 and C DC2 , the capacitors can be charged or discharged by neutral current i NP , causing NP voltage deviation. It might appear a ripple of frequency three times the fundamental in U DC1 and U DC2 that can destroy components if both DC-bus voltages are not balanced.
A three-level NPC converter instead of one of two levels has been chosen because of its features: (a) no dynamic voltage sharing problem. Each of the switches in the NPC converter withstands only half of the total DC voltage during commutation. (b) Static voltage equalization without using additional components. The static voltage equalization can be achieved when the leakage current of the top and bottom switches in a converter leg is selected to be lower than that of the inner switches. (c) Low THD and dv⁄dt. The waveform of the line-to-line voltages is composed of five voltage levels, which leads to lower THD and dv⁄dt in comparison to the twolevel converter operating at the same voltage rating and device switching frequency.
However, the NPC converter has some drawbacks such as additional clamping diodes, complicated PWM switching pattern design and possible deviation of neutral point voltage. 
where v L is the voltage in the inductance, L is the inductance value and i L is the current through the inductance, it is easy to observe that when v L is positive, i L will grow (the gradient of the current will be positive), whereas when v L is negative, i L will decrease (the gradient of the current will be negative).
There is also a third state, which is steady state, or stand-by. Therefore, if the DC-bus voltage is always positive and with value U DC , the DC-DC converter is the way to control the sign of the voltage v L . Its switches are both on or off at the same time.
The IGBTs used in both VSC and chopper are FZ600R17KE4 from Infineon and the diodes are 5SDF10H4502 from ABB.
B. CSC-based system
As stated earlier, CSCs may seem the most suitable solution for SMES systems as the SMES can be viewed upon as a current source. This converter has also proved to be the more suitable for delivering active and reactive power quickly into the network [7] . A CSC is also more efficient when operated in square-wave mode than a PWM VSI [8] . On the other hand, a CSC is more complicated to control than a VSC [9] , it has a high level of low order harmonics and the inductance in the DC side makes the response slower. Fig. 4 shows an overview of the power conditioning system, where C is the C-filter capacitor. The aim of this bank of capacitors is to assist the commutation of the switching devices [6] . The capacitors provide a current path for the energy trapped in the inductance of each phase. Otherwise, a high-voltage spike would be induced, causing damages to the switching devices. They also act as a harmonic filter, improving the load current and voltage waveforms. In this The AC-DC converter is a CSC. Each arm consists of two IGBTs and two blocking diodes. In a VSC the DC-voltage will always have the same polarity. Bidirectional power flow of the converter is achieving by reversing the DC-current polarity. In a CSC the DC-current will always flow in the same direction and the bidirectional power flow is achieving by reversing the DC-voltage polarity. Therefore, a CSC needs a blocking diode connected in series with the switching device in absence of reverse blocking capabilities in a normal IGBT. The DC side of the CSC is directly connected to the coil, and its AC side is connected to the grid. The IGBTs are FZ600R17KE4 from Infineon and the diodes are 5SDF16L4503 from ABB.
IV. CONTROL AND MODULATION TECHNIQUES
A. VSC-based system
There are three controllers: (1) DC-bus voltage controller (corresponding to the chopper control system), (2) current controller and (3) active power controller (both corresponding to the VSC control system).
The DC-bus voltage is controlled by a Proportional Integral (PI) controller, since it is a constant voltage. The best way to design a controller is to do it directly in discrete-time, thus it is necessary to discretize the plant transfer function. The method that has been used in this case is ZOH because the discretetime transfer function generated with it has the closest behavior to the continuous time transfer function. The discrete transfer function obtained is shown in (3), whereas the proportional and integral constants (K P and K I , respectively) are calculated as shown in (4) . T S is the sampling period, and 1 (ξ is the damping factor and ω n is the natural pulsation). The control system of the VSC consists of two cascaded controllers. The outer control loop is the active power control, whereas the inner control loop is the current control. As for the active power control, the control objective is that the converter provides the average power p of the difference between the load active power (P load ) and WT active power (P wt ), from which the reference active current will be calculated. To carry this out, a low-pass filter is placed after the subtraction P load -P wt . Both powers are calculated by measuring the corresponding currents and voltages: i wt , i load and e PCC . This work does not deal with reactive power compensation, therefore its reference is set to zero (i d * = 0).
The aim of the active power controller is to control the active power flow in the SMES system, and its scheme is shown in Fig. 6 . Since the average power only contains a DC component, a low-pass filter is enough to separate this part from the oscillating part. where e q = 1100 V.
If the dynamics of the current controller is much faster than the active power controller, this is, if the current controller is at least 10 times faster than the power controller, this inner controller may be omitted in the design of the outer. Therefore, the Plant block is defined by (6) . The PI parameters have been tuned by trial and error. The current controller has the task of generate a reference voltage according to the input error signal, calculated from the converter current and the reference current in dq-frames. Its scheme for the d-axis is shown in Fig. 8 . The controller for the q-axis has the same structure. In each axis there is a PI controller with antiwindup (K aw = 1/K P ) and a feedforward of the PCC voltage. The PI integrator has been discretized with the Euler Forward method. There is a cross-coupling of value ωL F between d and q axes. This cross-coupling has a small value and it is more important during transients, where ω changes. According to [10] , this can be compensated by adding the product to the output of the PI controller for d-axis, and its equivalent for the q-axis. The plant model is described by (7) , and the PI parameters are shown in (8) . 
The DC-DC converter modulation is accomplished by comparing a DC control voltage (V con ) with a triangular voltage (V tri ). V tri has a minimum value of -1 and a maximum value of +1. The following describes the relationship between V con and V tri : (6) where m a can attain values between -2 and +2, and by this enables overmodulation [1] . The commutation frequency of the DC-DC converter is f sw_dc = 5 kHz.
The three states of the coil can be described using m a :
• m a > 0: the coil will be in the charge state (mode 1).
• m a = 0: the coil will be in steady state (mode 2).
• m a < 0: the coil will be in the discharge state (mode 3).
During the different states the current will not have a completely constant increase or decrease. But on average it will increase when m a is greater than zero and decrease when it is less than zero. In steady state mode the charge period of the coil will be equal to the discharge period, and the current will fluctuate around a certain value.
The VSC modulation is a Third harmonic injection Pulse Width Modulation (THPWM). A major limitation with the three-phase converter modulation is the reduced maximum peak fundamental output line voltage of √3U DC that can be obtained compared to the available DC-bus voltage [11] . It has been gradually recognized that maximum modulation index of a three-phase converter PWM system can be increased by including a common third-harmonic term into the target reference waveform of each phase leg. This third harmonic component does not affect the fundamental output voltage, since the common mode voltages cancel between the phase legs, but it does reduce the peak size of the envelope of each phase leg voltage. Hence the modulation index can be increased beyond 1 without moving into overmodulation. Overmodulation is known to produce low-frequency baseband distortion and is to be avoided if possible. A 15% increase in modulation index can be achieved by simply including a onesixth third-harmonic injection into the fundamental reference waveforms. The commutation frequency is f sw_vsc = 2.5 kHz.
B. CSC-based system
In this case, the control loop has the task of smoothing out the power flow from the generator to the power system. Only the calculation of reference currents for the modulation has to be done in this step, by means of the PQ-theory again. Fig. 9 shows the block diagram of the steps that have to be done in order to obtain the reference currents needed for the modulation of the CSC. Since the average power only contains a DC component, a low-pass filter is enough to separate this part from the oscillating part. Once the reference currents in αβ-frame are calculated, they are transformed to polar coordinates in order to separate the magnitude (I S ) of the phase (θ). Below this scheme, the equation corresponding to the PQ-theory block is shown in (9) , where e α and e β are the PCC voltage expressed in αβ-frame. This abc→αβ transformation (Clarke transformation) is amplitude-invariant, this is, by choosing k = 2/3. It is necessary to maintain the same amplitude when changing the reference axes because Fig. 9 . Scheme of the reference current calculation and connection to the CSC modulator.
afterwards the modulation index for the modulation is going to be calculated, and this depends on the current magnitude.
Multi Sampling-Space Vector Modulation [5] (MS-SVM) has been used in this study, which was proposed to substantially suppress the low-order harmonics in practical CSC-based drives. Fig. 10 illustrates the studied MS-SVM method in which the dwelling times calculation is still based on the same counter period T sw as the conventional SVM, while the sampling of vector angle and calculation of T 1 and T 1 +T 2 are performed more frequently. In the following discussion, T sw is referred as the counter period and T s is the sampling period. SR = T sw /T s is the sampling ratio. Similar to the conventional SVM, whose scheme is depicted in Fig. 11 , the number of counter periods within one sector in MS-SVM should be an integer to eliminate non-periodic harmonics and moreover, it should be a multiple of six to eliminate triple harmonics. In order to verify this, the sampling ratio has been chosen as SR = 8, being f sw = 3.6 kHz. This way, the ratio f sw /f = 3600/50 = 72 is an integer and a multiple of six.
V. SIMULATION RESULTS
Simulation parameters are detailed in Table I , where: ξ is the damping factor, t s is the settling time, K P is the proportional gain, K I is the integral gain and K AW is the antiwindup gain. The maximum power that the converter has to handle is 500 kW. Fig. 12 shows the converter power, grid power and current and voltage in the coil in both systems. When comparing the power representations (all of them without any kind of filtering), it is clear that the VSC-based system introduces less noise, this is, the oscillating part of the active power is smaller since the CSC topology introduces more high order harmonics, but the mean values are always around zero. Therefore, the purpose of active power compensation is better accomplished by the VSC. As for the CSC-based system, a better tuning of the C-filter and a possible inclusion of an inductance (forming an LC-filter) could improve its performance from this point of view. In both systems, the part of the active power that constitutes the reference for the control system is the constant power (PQ-theory). Further analysis in this aspect may be necessary in order to improve the CSC performance, as well as a deeper study of the LC-filter. This also causes that the current stored in the coil is slightly higher in the VSC-based system.
When considering the losses in the converters, the number of switching devices and diodes has to be taken into account. This way, the VSC-based system has 14 IGBTs (12 of the VSC plus 2 of the DC-DC converter) and 8 diodes (6 of the VSC plus 2 of the DC-DC converter), whereas the CSC-based system has 6 IGBTs and 6 diodes. Fig. 13 to Fig. 15 show the conduction and switching losses in one of the IGBTs and diodes in each power conditioning system, differentiating between VSC (Fig. 13) and DC-DC converter (Fig. 14) devices in the VSC-based power conditioning system. Table II collects the maximum losses in each one of the power conditioning systems according to the operation mode, showing that due to the additional DC-DC converter needed in the VSC-based system, the total amount of losses are slightly higher than in the CSC-based system. The losses are quite constant in all the operation modes. The total losses represent around the 4.8% and the 3.6% of the power that the converter has to handle (500 kW) in the VSC-based and CSC-based systems, respectively. An aspect that can be taken into account for further simulations is the possibility of using commercial devices that include an IGBT and a diode in series, which will make the practical implementation easier. 
VI. CONCLUSIONS AND FUTURE WORK
The SMES-based system has been studied from the point of view of the power conditioning system. A comprehensive analysis of the control structure and modulation technique has been carried out both for the VSC-based and CSC-based systems. Their performance has been compared under normal operating conditions. The VSC-based system is the one which shows higher losses due to the additional DC-DC converter needed in order to adapt voltage levels between the SMES coil and the VSC.
Other aspects can be also improved in SMES-based systems, such as calculation of reference currents by means of PQ-theory to help decreasing the introduced noise, application of proper limitation techniques to the control schemes or study of the best combination of commercial IGBTs and diodes. Nowadays, VSC is the best option, but CSC can be still improved. Reactive power compensation can be also investigated.
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